The prevalence of isolation of imipenem-resistant Enterobacter (IRE) strains is rising, with potential serious consequences in terms of patients' outcomes and general care. The study objective was to define the various epidemiological aspects of the isolation of these strains in comparison to cases of isolation of imipenemsusceptible Enterobacter (ISE) strains. Molecular analysis of IRE strains included genotyping and defining the presence of carbapenemases. We conducted a matched retrospective case-control study of patients hospitalized from April 2003 to December 2006. Each IRE case was matched with an ISE case by age and source of isolation. A multivariate analysis using conditional logistic regression was performed to compare the two patient groups. There were 33 cases of IRE isolations during the study period. Twenty isolates were analyzed and found to belong to three distinct pulsotypes. Cell extracts of all of these isolates hydrolyzed imipenem. PCR and sequencing revealed that these isolates harbored a KPC-2 gene. In multivariate analysis, a high invasive-device score (P ‫؍‬ 0.02) remained a predictor of IRE isolation. The mortality in the IRE group was 33%, compared to 9% among controls. Being an IRE case was significantly associated with increased mortality after controlling for confounders in a multivariate model (odds ratio, 8.3 ؎ 8.6; 95% confidence interval, 1.07 to 64; P ‫؍‬ 0.043). Resistance to imipenem due to bla KPC-2 among Enterobacter isolates has occurred in several clones in Tel Aviv, affecting particularly patients with multiple invasive devices compared to ISE controls. IRE infections are associated with increased mortality. Enhanced measures to control the hospital spread of IRE are warranted.
Enterobacter species are among the most common causes of gram-negative health care-associated infections (12, 20, 24, 28, 30, 35) , causing 8% of nosocomial bacteremia cases, and are the second most common gram-negative pathogens causing pneumonia in patients admitted to intensive care units (ICUs) (19, 24, 28, 30) . In addition, in recent years, they are an increasing cause of community-acquired infections as well (30) .
Resistance to a variety of broad-spectrum antimicrobials among Enterobacter strains, including ␤-lactams, is frequently encountered (20, 26, 35) . Moreover, the emergence of resistance to extended-spectrum cephalosporins occurs often during therapy (8) . Enterobacter isolates contain a chromosomal group 1 ␤-lactamase (AmpC), which, when expressed in large quantities by either the induction or the selection of derepressed mutants, can hydrolyze expanded-spectrum cephalosporins, penicillins, and monobactams (29, 30) . Resistance to ␤-lactams is usually mediated through ␤-lactamase production or an alteration of porins, although other mechanisms such as target site modifications (e.g., in penicillin binding proteins) and drug efflux pumps have also been reported (35) . Risk factors for Enterobacter infections and for extended-spectrum cephalosporin-resistant Enterobacter infections have been extensively investigated in the past (11, 13, 20, 21, 30) . These resistant pathogens pose a major therapeutic challenge and are associated with treatment failures, which lead to increased mortality, morbidity, and cost (10, 20, 28, 30, 33) .
Carbapenems are the most potent ␤-lactam antibiotics (2, 14, 27) and are the most reliable ␤-lactams for the treatment of serious infections caused by resistant Enterobacter strains (14, 27, 28, 33, 35) . The carbapenem group is considered the class of last resort against resistant Enterobacteriaceae. Thus, the recent reports on resistance to carbapenems among Enterobacter isolates are of great concern (2, 12, 26, (33) (34) (35) . In general, carbapenem resistance may be mediated by three major mechanisms: (i) the hyperproduction of a ␤-lactamase with weak carbapenem-hydrolyzing activity (such as AmpC-type cephalosporinase or an extended-spectrum ␤-lactamase) combined with decreased drug permeability through the outer membrane (i.e., outer membrane porin loss or hyperproduction of efflux pumps), (ii) a decreased affinity of the penicillin binding proteins that constitute target proteins for carbapenems, and (iii) carbapenem-hydrolyzing ␤-lactamase production (26, 34, 35) . In the United States, an increase in the occurrence of carbapenem-resistant Enterobacter strains has been observed: Intensive Care Antimicrobial Resistance Epidemiology reports for the years 1998 to 2004 found pooled means of 0.5 to 1% imipenem resistance among Enterobacter strains causing infections, with 10% of the hospitals belonging to the project reporting proportions higher than 3.8% in ICUs (24) . Despite these troubling trends and the importance of this issue from both clinical and public health perspectives, epidemiological studies are still lacking.
Study objectives were to examine the mechanisms of resistance of imipenem-resistant Enterobacter (IRE) strains in our institution and to evaluate the predictors for imipenem resis-tance among patients from whom Enterobacter strains were isolated. In addition, we aimed to examine the direct impact of imipenem resistance on the outcomes of patients from whom Enterobacter strains were isolated.
MATERIALS AND METHODS
Setting. The Tel Aviv Sourasky Medical Center (TASMC) is a 1,100-bed tertiary care teaching hospital comprised of 45 wards, with almost 100,000 admissions and 90,000 microbiological cultures processed annually. Hospital computerized databases record all isolations of IRE.
Enterobacter isolates were identified to the species level via the Vitek-2 system (bioMérieux, Hazelwood, MO). Antibiotic susceptibility testing was performed using the Vitek 2 AST GN09 card, and susceptibilities to imipenem and meropenem were confirmed by both disk diffusion and Etest (AB Biodisk, Solna, Sweden). All isolates were processed according to the Clinical and Laboratory Standards Institute (CLSI) criteria (9) . IRE isolates were routinely stored at Ϫ70°C for further workup.
Infection control practices during the study period. Throughout the study period, isolation precautions for the duration of the hospital stay were advised for patients from whom IRE was isolated. In selected wards, e.g., neonatal ICU and pediatric wards, nursing staff were dedicated to treat IRE patients only. In all cases, less than 24 h after the identification of a new IRE case, ward personnel were called by infection control practitioners to confirm adherence to contact isolation. In almost all cases, isolation was done in a single-patient room and included a sign bearing the words, "contact isolation," single-use gowns and gloves for patient contact, and alcohol-based hand disinfectant. Periodic surveys revealed that the supplies required for contact isolation were present over 90% of the time; however, compliance was not recorded systematically.
Study design. A retrospective, matched, case-control study was initiated, including all available patients from whom IRE was isolated from a clinical specimen (i.e., not surveillance) at the TASMC, from 1 April 2003 to 31 December 2006. Each patient was included in the study only once, at the first episode of IRE isolation. Adult as well as pediatric patients were eligible for inclusion. Controls were matched to cases in a 1:1 ratio according to age group and the source of their clinical culture (blood, urine, respiratory, and line-associated sources, etc.) and were randomly selected from patients from whom imipenemsusceptible Enterobacter (ISE) strains were isolated who were hospitalized during the same time intervals as case patients. Random selection was performed by applying an automatic random number-generating function to the list of eligible controls.
Epidemiologic data collection and definitions. Epidemiologic data were collected via chart review using a uniform electronic questionnaire. Parameters assessed for each patient were as follows: (i) demographics, including age and sex; (ii) site of infection acquisition (an isolate was considered to be hospital acquired if the culture was drawn Ͼ48 h after admission or if the patient was hospitalized in the preceding month); (iii) infection versus colonization (infection was defined if the isolation was accompanied by clinical features compatible with systemic inflammatory response syndrome) (4); (iv) spectrum of in vitro resistance to cefuroxime, ceftriaxone, ceftazidime, piperacillin-tazobactam, ciprofloxacin, levofloxacin, gentamicin, amikacin, meropenem, and colistin; (v) infection site, including blood, urine, and respiratory tract, etc.; (vi) nosocomial environmental exposures, including months from last hospitalization, presence in an ICU during current hospitalization, months since last ICU stay, hospital ward at the time of culture, and previous long-term care facility residence; (vii) chronic comorbidities and substance abuse, including calculation of the Charlson comorbidity score (7); (viii) status and prognosis at admission, including functional status, level of consciousness, and severity of illness defined according to the McCabe score (3); (ix) surgery and/or invasive procedures before and after isolation; (x) use of chronic invasive devices; (xi) immunosuppressive states, including courses (of at least 5 days) of glucocorticoids in the preceding month; (xii) laboratory data, including renal function, nutritional status (serum albumin level), and liver function tests; (xiii) exposure to antimicrobials before admission, before isolation, during the Enterobacter isolation, and after the isolation; (xiv) hours to initiation of appropriate antimicrobial therapy (appropriateness was defined according to in vitro test susceptibilities); and (xv) outcomes, including in-hospital mortality, functional status at discharge for those who lived, discharge disposition (home, long-term care facility, or other hospital), and length of stay.
Analysis of mechanism of resistance and molecular epidemiology. The IRE isolates that were available for genotyping were classified into genetic clusters using pulsed-field gel electrophoresis. Bacterial DNA was prepared and cleaved with 20 U SpeI endonuclease (New England Biolabs, Boston, MA) as previously described (28) . Electrophoresis was performed in a 1% agarose gel (BMA Products, Rockland, ME) prepared and run in 0.5ϫ Tris-borate-EDTA buffer on a CHEF-DR III apparatus (Bio-Rad Laboratories, Richmond, CA). The initial switch time was 10 s, the final switch time was 45 s, and the run time was 23 h at 6 V/cm. Gels were stained in ethidium bromide, destained in distilled water, and then photographed (GelDoc 2000; Bio-Rad). DNA restriction patterns were analyzed, compared, and interpreted according to criteria established previously by Tenover et al. (32) .
␤-Lactamases were analyzed using isoelectric focusing on crude enzyme preparations from sonicated cell cultures of IRE isolates grown on tryptic soy broth (Biolife Italiana, Milan, Italy). Isoelectric focusing was performed according to methods described previously by Matthew and Harris (23) using an electrophoresis system apparatus on prepared polyacrylamide gel electrophoresis plates (pH 3.5 to 9.5; Amersham Biosciences, Buckinghamshire, United Kingdom). ␤-Lactamase activity was revealed with nitrocefin (0.5 mg/ml; Calbiochem-Novabiochem Corp., San Diego, CA), and pIs were determined by running ␤-lactamases with known pIs in parallel as controls. Screening for the production of metallo-␤-lactamase was done by disk approximation tests using EDTA and 2-mercaptopropionic acid (1). Identification of the carbapenemase genes was determined by PCR using specific primers designed for identifying known class A ␤-lactamase genes including bla KPC , bla SME , bla IMI , and bla NMC (6) .
PCR conditions were as follows: 15 min at 95°C and 35 cycles of 1 min at 94°C, 2 min at 68°C, and 3 min at 72°C, followed by an extension step of 10 min at 72°C. PCR were performed with Hot-StarTaq DNA polymerase (Qiagen, Hilden, Germany), and the resulting PCR products were analyzed in a 1% agarose gel. Full-length bla KPC PCR products were ligated into a pGEM-T Easy PCR cloning vector and transformed into competent cells of Escherichia coli JM109 according to the manufacturer's instructions (Promega, Madison, WI). Sequencing of cloned genes was performed by using SP6 and T7 promoter primers. Sequences were analyzed with an ABI Prism 3100 genetic analyzer (PE Biosystems), using DNA sequencing analysis software and 3100 data collection software, version 1.1. The nucleotide acid and the deduced protein sequences were analyzed and compared using software available via the Internet at the National Center for Biotechnology Information website (http://www.ncbi.nlm.nih.gov/).
Statistical analysis. A matched analysis was conducted to compare cases and controls in order to reflect the study design. Continuous variables were compared between groups by paired t test. Categorical variables were compared by 2 test for matched pairs. All statistical analyses were conducted using SPSS (version 13.0; SPSS Inc., Chicago, IL) and STATA (version 9.0; STATA Corp., College Station, TX). In order to adjust for confounders and to identify the independent predictors for IRE isolation and for in-hospital mortality, multivariate analyses were performed by using conditional (fixed-effect) logistic regression. For model building, parameters with P values of Յ0.1 between groups in the univariate analysis were entered into the model, and parameters with P values of Յ0.05 were retained in the model. Variables with P values of Յ0.05 in the multivariable analysis were considered to be statistically significant.
RESULTS
Thirty-three patients with IRE in clinical culture were identified at the TASMC during the study years; all were included in the epidemiological analysis. Twenty of the IRE strains were available for further study. One of the strains was identified as being Enterobacter aerogenes and therefore was not genotyped, and another was untypeable. The 18 genotyped strains were distributed among three distinct clones: 11 belonged to clone A, 5 belonged to clone B, and 2 belonged to clone C.
All IRE isolates were resistant to ertapenem. Twenty-one isolates (64%) were resistant to meropenem, four (12%) were intermediate (MIC, 8 g/ml), and eight (24%) were reported as being susceptible to meropenem but with an elevated MIC of 4 to 6 g/ml.
Cell extracts of five representative IRE strains showed imipenem hydrolysis activity, indicating the production of a ␤-lactamase with carbapenemase activity. Phenotypic screening for metallo-␤-lactamase was negative for all 20 IRE strains. Two distinct ␤-lactamase bands were observed in the IRE strains, focusing at pI 5.4 (corresponding to bla TEM ) and at pI 6.7 (corresponding to bla KPC ). PCR screening for specific carbapenem-hydrolyzing ␤-lactamases and sequencing revealed the presence of bla KPC-2 in all 20 IRE strains, corresponding to the ␤-lactamase that focused at pI 6.7. All other screening PCRs using primers specific for known class A carbapenemases were negative.
The 33 IRE cases were distributed in multiple wards and services, with three apparent small time and space clusters: during June to July 2004, three cases affected the neonatal ICU (Y. Carmeli, G. Grisaru-Soen, A. Leavitt, M. Schwaber, S. Dolberg, and S. Navon-Venezia, presented at the
Of the 66 Enterobacter isolates (33 from the case patients and 33 from their matched controls), 56 were identified as being Enterobacter cloacae, nine were E. aerogenes, and one was Enterobacter gergoviae. In eight of the matched pairs, the Enterobacter isolation originated from the blood, eight were from urine, seven were from respiratory secretions, six were from skin and soft tissue (including surgical sites), two were from central venous catheters, one was from the middle ear, and one was from peritoneal fluids. Twenty-four of the matched pairs were adults (median age, 74.5 years; range 27 to 94 years), four were children, and five were neonates. Five of the IRE patients (15%) had previous clinical isolations of ISE prior to the isolation of the resistant strain.
The strains of the IRE group were multidrug resistant and expressed enhanced resistance to various antibiotics in comparison to the ISE group, including ceftriaxone (33 versus 14, respectively; P Ͻ 0.001), piperacillin-tazobactam (33 versus 8, respectively; P Ͻ 0.001), gentamicin (30 versus 6, respectively; P Ͻ 0.001), and ciprofloxacin (6 versus 1, respectively; P ϭ 0.05). Table 1 depicts the univariate matched analysis of predictors differentiating between cases and controls. A multivariate model was constructed to adjust for confounding variables. To account for interactions between various variables related to invasive devices, a dichotomized procedure score was constructed. Patients with a high procedure score included those who were intubated, patients who had a central venous line and a urinary catheter, or patients who had a central venous line and a nasogastric tube. The only independent predictor in the multivariate analysis was a high procedure score (odds ratio [OR], 4.93; 95% confidence interval [CI], 1.3 to 18.6; P ϭ 0.02), and an immunosuppressive state almost reached significance in the multivariate model (OR, 3.23; 95% CI, 0.9 to 11.6; P ϭ 0.07).
In the univariate analysis, as depicted in Table 2 , being an IRE case was significantly associated with worse outcomes: increased mortality (OR, 5; 95% CI, 1.09 to 22.8; P ϭ 0.038), morbidity as expressed by the need for intubation (OR, 3.25; 95% CI, 1.05 to 10; P ϭ 0.04), worsening of functional status at discharge compared to that at admission (OR, 3.33; 95% CI, 1.43 to 10; P ϭ 0.001), and the need to be discharged to an intermediate or long-term care facility (OR, 3.03; 95% CI, 1.43 to 5; P ϭ 0.006). Lengths of hospital stay before and after the isolation did not differ between groups. A multivariate analysis controlling for confounding was performed only for in-hospital mortality. Being an IRE case remained independently associated with increased in-hospital mortality in multivariate analyses (OR, 8.3 Ϯ 8.6; 95% CI, 1.07 to 64; P ϭ 0.043). The other factors that were significantly associated with increased mortality in the model were a high procedure score at the time of isolation (P ϭ 0.003), a low McCabe score (P ϭ 0.008) (5), and ICU stay preceding the isolation (P ϭ 0.036).
There were 11 patients who received appropriate empirical therapy within 48 h among the IRE group, versus 21 among the ISE group (P ϭ 0.027; 95% CI, 0.09 to 0.87). Overall, treatment was delayed for a mean of 32.9 Ϯ 6.4 h for IRE patients, versus 12 Ϯ 4.6 h for the ISE group (P ϭ 0.033; 95% CI, 1.001 to 1.035). The delay in effective therapy did not affect the in-hospital mortality (six versus eight patient deaths, respectively; P ϭ 0.64) but was found to increase the length of hospitalization among survivors (34 Ϯ 3.2 days versus 26.5 Ϯ 5.4 days, respectively; P ϭ 0.02).
DISCUSSION
Carbapenem resistance among the Enterobacteriaceae is an emerging phenomenon of great clinical and public health importance. While carbapenem resistance among Klebsiella species isolates has been studied (6; M. Schwaber, S. KlarfeldLidji, S. Navon-Venezia, D. Schwartz, A. Leavitt, and A. Carmeli, presented at the 47th Interscience Conference on Antimicrobial Agents and Chemotherapy, Chicago, IL, 2007), no clinical or epidemiological studies have thus far focused on carbapenem resistance in Enterobacter spp. In the present study, we aimed to understand the clinical, epidemiological, and molecular characteristics of imipenem resistance among Enterobacter spp. isolated in a single institution.
During the 45 months of the study period, 33 patients were affected, but most cases did not cluster in time and space, and no common source was found. Molecular epidemiology revealed that the isolates belonged to three distinct clones and that all isolates carried bla KPC-2 . This suggests that resistance to imipenem among Enterobacter sp. isolates is through the spread of a single enzyme-encoding gene by pauciclonal dissemination, which in most cases could not be linked to a patient-to-patient transmission event or to a common source. This phenomenon may be explained by the relatively rare detection of clinical cases; i.e., the hidden reservoir of carriers may be much larger than the detected proportion. However, during 2007, we screened 390 hospitalized patients for rectal carriage of IRE using both conventional microbiologic methods (selective medium containing 1 g/ml of imipenem) and PCR for bla , and none of the screened patients was positive (our unpublished data). Therefore, other possible explanations include a common source that has not yet been detected, such as equipment, disposable items, or food; a colonized health care worker who serves multiple wards and is an intermittent transmitter; or a reservoir in the community and transfer of IRE strains into the hospital, which manifest as infection only late during hospitalization due to the opportunistic nature of the organism.
In addition, we examined the factors that independently predicted imipenem resistance among patients from whom Enterobacter spp. were isolated and found that multiple invasive devices (with an immunocompromised state almost reaching significance as well), but not recent use of antibiotics in general or of specific classes of antibiotics, predicted imipenem resistance. These observations also support the molecular epidemiology findings that the dissemination of imipenem resistance among Enterobacter isolates is related primarily to transmission rather than to antibiotic-associated selection pressure leading to the perpetuation of de novo mutations.
As our analysis compared patients with IRE to patients with susceptible isolates (ISE), the results allow us to predict who among all patients from whom Enterobacter sp. strains were isolated will have an imipenem-resistant strain. They do not, however, imply causality, as the study did not compare patients with IRE to the source population, i.e., all hospitalized patients (15) (16) (17) (18) 31) .
The epidemiology of IRE infections differs from that observed in our hospital for imipenem-resistant E. coli infections, in which each of the four isolates reported belonged to different clones, and although all of those isolates also carried bla KPC-2 , plasmids among isolates differed (25) . The epidemiology of IRE infections also differed from that of Klebsiella pneumoniae carrying bla KPC-2 , in which multiple clones were detected (22) . All the isolates carrying bla KPC-2 (E. coli, Klebsiella pneumoniae, and Enterobacter spp.) in this investigation did not cluster in time and space, and no dissemination pattern was revealed by epidemiological investigation. This finding is in contrast to the epidemiology of the infections caused by Klebsiella spp. carrying bla , where a single clone was responsible for all cases, clearly implicating patient-to-patient transmission (22) .
Ertapenem susceptibility testing detected all 33 IRE isolates, while meropenem susceptibility testing misclassified 24% of the isolates as being susceptible. Imipenem and meropenem are often used as a class marker for carbapenem susceptibility (9) . Our results suggest that in the era of emerging carbapenem resistance, this may no longer be an acceptable strategy, as it may lead to major errors in classifying resistant organisms as susceptible, which in turn may have important clinical and infection control implications.
When patient outcomes were examined, we found that isolations of IRE were independently associated with increased mortality, even after strictly controlling for various confounders. This is not a surprising finding, as carbapenems are the class of last resort to treat multidrug-resistant infections due to the Enterobacteriaceae, and indeed, IRE isolates were multidrug resistant. Thus, treatment of these patients was delayed, and effective therapy was often not possible. Similar deleterious effects on patient outcomes have been observed with other imipenem-resistant isolates of the Enterobacteriaceae (5; M. Schwaber, S. Klarfeld-Lidji, S. Navon-Venezia, D. Schwartz, A. Leavitt, and A. Carmeli, presented at the 47th Interscience Conference on Antimicrobial Agents and Chemotherapy, Chicago, IL, 2007).
We conclude that resistance to imipenem due to KPC-2 among Enterobacter isolates has occurred in several clones in Tel Aviv, although the spread of these genes and clones is still not well explained. According to our investigation, the isolation of IRE strains affects mostly immunocompromised patients with multiple invasive devices, and the infections are associated with increased mortality. Further studies to better define the spread of these strains are required, and enhanced measures to control the spread of IRE are warranted. 
